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1. Introduction 
 

In the last few decades, a great quantity of tunnels 

(water supply, metro, railway, road, etc.) have been 

constructed in the world (Aalianvari et al. 2017, Ghasemi 

and Nowak 2018, Schrefler et al. 2011). Among the tunnel 

supporting structures, the lining is the main guarantee for 

their long-term safe operation (Tonon 2010). However, as 

time passed, many of them show signs of deterioration with 

forms of cracking, spalling, and collapse, seriously 

threatening the safety of tunnel operation. Since the 

degraded lining concrete cannot be easily replaced, it is 

vital to search for suitable methods that can effectively 

reinforce the degraded tunnel linings. 

Various techniques have been proposed to repair the 

concrete diseases and ensure the serviceability of the 

structure, such as the fiber-reinforced shotcrete method (Li 

et al. 2017, Guler et al. 2018, Joong et al. 2016, Guler et al. 

2019, Jeng et al. 2002, Sukontasukkul et al. 2018, Guler et 

al. 2021, Guler and Yavuz 2019), the carbon fiber sheet 

method (Lee and Lee 2002), the steel board method (Kishi 

et al. 2005), and the fiber reinforced plastic (FRP) method 

(Gaurav and Signh 2018, Mofidi and Chaallal 2014). 

Generally, the FRP composites have emerged as one of the 

most existing and promising reinforced technologies due to 

its favorable properties, such as high strength-weight ratio, 

short installation period, and adaptability to curved surfaces  
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(Singh and Patra 2020, Rajak et al. 2019). In recent years, a 

new type of FRP composite material, CFRP grid, has been 

proposed for structural repair (Nishi et al. 2012, Benzaama 

et al. 2018, Guo et al. 2018). Concerning the reinforcing 

effect of CFRP composites on the reinforced concrete (RC), 

Jeffrey et al. (2016) conducted the punching shear tests to 

access the shear capacity of concrete decks reinforced by 

FRP grids. Maalej and Leong (2005) experimental 

investigated the interfacial shear stress and the failure 

modes of RC beams strengthened in flexural with CFRP 

composites. Rabia et al. (2019) investigated the effect of the 

porosity on the shear interfacial stresses of the beam 

strengthened with FRP composites, and the reinforcing 

effect was also clarified. Fang et al. (2016) conducted a 

four-point bending experiment of composite concrete slabs 

reinforced by CFRP grids, and the effects of CFRP grid rib 

spacing, grid rib height and sheet thickness were 

considered. In addition, other investigations proposed that 

beams reinforced by CFRP can better avoid debonding 

failure, resulting in good strength and ductility (Sumathi 

and Arun 2017, Razavi and Mustaffa 2018, Makeev et al. 

2019). 

Some materials have been recently regarded as the 

protection substance, for example, polymer cement mortar 

(PCM) (Feiteira and Ribeiro 2013, Bansal and Sidhu 2017, 

Guo et al. 2018). According to the FRP Grid Method 

Association of Japan, the construction processes of the 

CFRP-PCM method on degraded tunnel linings can be 

presented in Fig. 1. At first, vacuum blasting the surface of 

the existing degraded lining concrete. Then, repair the 

lining surface to make it as flat as possible to ensure better 

reinforcement for the CFRP-PCM method. Subsequently, 
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fix the CFRP grids to the lining concrete surface with rivets. 

Next, re-repair the lining surface to ensure smoothness. 

Finally, spray the PCM shotcrete onto the CFRP grids to 

form a complete reinforcing structure. Concerning the 

reinforcing effect of CFRP-PCM method, Yue et al. (2016) 

indicated that the bending and shear strengthening effect of 

RC members can be effectively improved with this method. 

Jiang et al. (2017) conducted laboratory direct shear tests 

and bending tests to investigate the bonding behavior 

between the PCM and the concrete reinforced by the CFRP 

grids, and three grades of CFRP grids (CR4, CR6, and CR8) 

were considered. Guo et al. (2018) proposed a new 

evaluation method for the shear capacity of RC beams 

reinforced by the CFRP-PCM method, and the effect of the 

arrangement of the CFRP grids was investigated. 

Note that, extensive investigations have been conducted 

to explore the strengthening effect of CFRP materials on the 

concrete beam (straight structure), whereas information on 

the reinforcing behavior of the CFRP-PCM method on 

tunnel linings (arch structure) is rather limited, and its 

application should be further discussed. In addition, the 

unfavorable condition of the cavity behind the lining is 

widespread in operating tunnels. Unfortunately, 
investigations about the effect of the cavity on the 

strengthening behavior of the lining are much scarce. 

Therefore, this study aims to explore the reinforcing 

behavior of the CFRP-PCM method on degraded tunnel 

lining with a cavity. This study is expected to improve the 

understanding of the treatment of tunnel lining diseases. 
 

 

2. Model establishment 
 

An unfavorable condition, that is, there are cavities exist  

 

 

between the lining and the rock mass usually occur in 

mountain tunnels, resulting in insufficient lining thickness 

(Fraldi and Guarracino 2009, Fu et al. 2019, Hu et al. 

2020). To explore the effect of the cavity on the tunnel 

lining, the numerical model established in this paper can be 

presented in Fig. 2. Note that the arc range of the cavity is 

90° relative to the tunnel center point. Besides, it should be 

indicated that the polyester polyurethane was applied as the 

back-filling material. With respect to the size of the 

numerical model, the excavation diameter of the tunnel is D 

(10 m), while the horizontal distance from the wall to the 

model boundary is set as 2D to eliminate the boundary 

effects. Additionally, the lining thickness is 45 cm, which is 

reduced to 15 cm due to the existence of the cavity. 

Regarding the mesh quality, the rock mass and the lining 

concrete were modeled with solid elements. Specifically, 

the model was composed of 1978 elements and 4116 nodes. 

Concerning the boundary conditions, the left and right 

boundaries are rollers, while the bottom boundary is 

constrained completely. For the upper boundary, the 

loosening pressure is exerted on the tunnel lining. It should 

be indicated that the loosening pressure is caused by the 

cavity behind the lining, inducing the weight of the loosed 

rock mass to act directly on the tunnel lining. Specifically, 

the value of the loosening pressure is equal to the weight of 

the loosed rock mass in the loosening height, which was set 

as 2D in this research. Regarding the constitutive equations, 

the Mohr-Coulomb criterion was applied to describe the 

mechanical behavior of tunnel linings, CFRP grids, and 

PCM. In addition, the ground class of CII, DI, 

and DII were considered in this paper. The parameters of 

the ground, tunnel lining, and back-filling materials can be 

displayed in Table 1 (Jiang et al. 2017). It 

 

Fig. 1 Construction processes of the CFRP-PCM method on degraded tunnel linings (FRP Grid Method Association of Japan) 
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should be noted that field investigations indicated that 

multiple cavities generally appear behind the tunnel lining 

concrete (Lalagüe et al. 2016, Ye and Ye 2019). Therefore, 

it is necessary to determine where the cavity will have a 

greater impact on the tunnel. In this paper, three positions of 

the cavity were considered, respectively crown, shoulder as 

well as the position between crown and shoulder, as shown 

in Fig.3. 

 

 

3. Damage status of tunnel linings 
 

3.1 Damage zone and deformation characteristics 
 

In this section, the lining deterioration is set as 0% to  

determine the location where the damage is more serious. 

Fig. 4 presents the distribution of the lining damage zone 

with different cavity locations. Regarding the ground class 

 

 

 

 
of CII and DI, tensile damage always occurs in a small area 
near the cavity. Whereas for the ground class of DII, no 
matter where the cavity is, there will be a significant degree 
of tensile and shear damage. It should be indicated that the 
location of the shear damage generally occurs near the 
cavity. Note that when the cavity is at the shoulder, the 
lining generates a larger damage zone than the cavity is on 
the crown or between the crown and the shoulder. To 
quantitatively evaluate the lining damage behavior, the 
lining damage zone with different cavity positions is 
presented in Fig. 5. It can be observed that the ground class 
of DII is much easier to occur in a larger damage zone than 
that of CII and DI. Meanwhile, the damage elements in the 
shoulder are generally larger than that of elsewhere, 
indicating that the lining is more prone to generate the 
damage zone when the cavity is at the shoulder. 

Fig. 6 presents the deformation characteristic and failure 

mechanism of linings with different cavity positions. 

 

Fig. 2 Schematic diagram of the numerical model 

Table 1 Parameters of ground, lining, and back-filling materials (Jiang et al. 2017) 

Properties 
Ground class 

Lining Back-filling materials 
CII          DI DII 

γ (kN/m3) 22.6 21.6 20.6 24 9.8 

E (MPa) 980 490 147 24500 12.0 

ν 0.3 0.35 0.35 0.20 0.13 

c (MPa) 0.98 0.49 0.196 6.99 0.50 

φ (deg) 40.0 35.0 30.0 40.0 10.0 

σt (MPa) 0.42 0.19 0.06 3.00 0.20 

   
(a) Crown (b) Between crown and shoulder (c) Shoulder 

Fig. 3 Position of the cavity between the lining and rock mass 
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According to Fig. 6, the deformation of the tunnel lining 

induced by the loosening pressure occurs significantly. 

Regarding a cavity located at the crown, the vertical 

deformation occurs symmetrically in the lining, resulting in 

crushing of the ground (compression failure due to bending 

compression), it is also noted that there are two inflection 

points in the linings after the lining deformation. 

Concerning a cavity located between the crown and the 

shoulder, the failure pattern is also induced by bending 

compression in the inner of the lining, and there are also 

two inflection points after deformation. Whereas for the  

 

 

 

 
shoulders, the vertical deformation is less than that of the 
above cases. In addition, the compression and tensile status 
in the lining are not changed, and there is no inflection 
point. Therefore, the failure pattern of the lining with a 
cavity at the shoulder is not caused by the compression and 
bending effect, combined with the distribution 
characteristics of the damage zone, it can be observed that 
the failure mechanism is caused by tensile and shear effect. 
 

3.2 Shear stress in tunnel linings 
 

Fig. 7 presents the shear stress of the lining at different  

Cavity location 
Ground class 

CII                  DI DII 

    

    

    

Fig. 4 Distribution of lining damage zone with different cavity locations 

 

Fig. 5 Distribution of the damage zone of linings with a cavity located at different positions 

   

(a) Crown (b) Between crown and shoulder (c) Shoulder 

Fig. 6 Deformation characteristics and failure mechanism of the lining with a cavity at different positions 
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Table 2 Parameters of the lining with different lining 

deterioration degrees 

Deterioration 

degree (%) 
E (MPa) σc (MPa) c (MPa) φ(deg) σt (MPa) 

0 24,500 30.0 6.99 

40.0 

3.0 

20 19,600 24.0 5.59 2.4 

30 17,150 21.0 4.89 2.1 

40 14,700 18.0 4.19 1.8 

50 12,250 15.0 3.50 1.5 

80 4,900 6.0 1.40 0.6 

 

Table 3 Parameters of the CFRP grids and PCM materials 

(Jiang et al. 2017) 

Reinforcing 
materials 

E (MPa) σt (MPa) cs (MPs) φs (deg) ks (MPa/mm) 

CFRP 

grids 

CR4 

CR6 
CR8 

100000 1400 
2217 17.7 

5.298 

6.394 

13.369 

PCM 26000 4.60 ― 

 

 

positions under the loosening pressure. As shown in Fig. 

7(a), when the cavity is at the shoulder, the shear stress of 

the lining is significantly larger than that of elsewhere. 

Specifically, when the grade of ground class is DII, the 

maximum shear stress is 6.2 MPa when the cavity is at the 

shoulder, whereas 3.75 MPa for the crown. In addition, the 

shear stress gradually increases as the grade of the ground 

class decreases. As can be seen from Fig. 7(b), the shear 

stress shows a negative correlation with the grade of the 

ground class. Note that the maximum shear stress when the 

cavity is at the shoulder is about 1.5 times that of other 

models, and so the shear stress in the shoulder with a cavity 

is larger than that of elsewhere. In other words, it can be 

regarded that the damage is most remarkable when the 

cavity is at the shoulder. Therefore, in next section, 

theoretical considerations are given regarding the selection 

of reinforcing methods for the cavity location at the 

shoulder. The ground class was determined as DI and DII. 

Besides, the deterioration degrees of tunnel lining can be 

summarized in Tables 2. In this research, three grades of 

CFRP grids were applied to reinforce the degraded tunnel  

 

 

linings with a cavity disease, and the corresponding 

parameters can be listed in Table 3 (Jiang et al. 2017). 

 

 

4. Evaluation of the reinforcing behavior 
 

4.1 Distribution of damage zone 
 

In this section, the cavity at the shoulder was determined 

to investigate the reinforcing effect of the CFRP-PCM 

method on degraded tunnel linings, the region reinforced by 

the CFRP-PCM method covered an arc length of 90° and 

180°on the upper wall of the tunnel can be presented in Fig. 

8. When the degree of lining deterioration is larger (i.e., 

80%), the distribution of the damage zone can be shown in 

Fig. 9. As observed in Fig. 9(a) (ground class of DI), when 

the degraded tunnel lining is not reinforced with the CFRP-

PCM method, the crown would generate both tensile 

damage and shear damage. Meanwhile, a large range of 

shear damage occur at shoulders. In the cases of 

reinforcement covered an arc range of 90°, note that the 

reinforcing effect is similar with different grades of CFRP 

grids (CR4, CR6, and CR8). Specifically, the shear damage 

at the left shoulder and the crown is eliminated, meanwhile, 

the zone of tensile damage is also significantly reduced. 

When the reinforcement of the CFRP-PCM method covered 

an arc range of 180°, it is observed that the damage in the 

crown and the left shoulder is completely suppressed. 

Regarding the right shoulder of the lining, the damage zone 

also decreases significantly. As illustrated in Fig.9b (ground 

class of DII), when no reinforcing treatment was performed, 

a large amount of shear damage occurs at shoulders, and a 

large range of tensile damage as well as shear-tensile 

damage generates at the crown. The lining suffers large-

scale damage at this time, which can be regarded as the 

dangerous situation. In the cases of reinforcement covered 

an arc range of 90°, the failure at the right shoulder is 

changed from a large amount of shear damage to a small 

amount of tensile damage. When the reinforcement of the 

CFRP-PCM method covered an arc range of 180°, the 

tensile and shear damage at the crown can be suppressed, 

and the shear damage at the shoulder also changes to a 

small amount of tensile damage. In addition, the reinforcing 

effect of CR6 and CR8 is more apparent than that of CR4. 

  
(a) Part in the thin lining (b) Shoulder in the lining 

Fig. 7 Shear stress of the lining at different positions 
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To quantitatively evaluate the reinforcing effect of the 

CFRP-PCM method on degraded tunnel linings, the damage 

rate of lining under different deterioration degrees (i.e., 0%, 

50%, and 80%) for the ground class of DI and DII was 

summarized in Fig. 10. It should be indicated that the 

damage rate of lining in this research is defined as the ratio 

of the volume of damaged elements to the volume of total 

elements. When the lining deterioration is 0%, 50%, and 

80%, the lining damage rate can be presented in Fig.10(a)-

10(c). Note that the application of the CFRP-PCM method 

could significantly reduce the damage rate of lining except 

for the case of CR4-DI-90°. Here, CR4 represents the grade 

of the CFRP grids, DI stands for the ground class, 90°  

 

 

 

represents the arc range of the reinforcement. In addition, it 

is obvious that when the arc range of CFRP grids is 180°, 

the damage rate of lining is less than that of 90°. As can be 

seen from Fig.10(b) and 10(c), as the grade of CFRP grids 

increases (i.e., from CR4 to CR8), the damage rate of lining 

decreases significantly, indicating the reinforcing effect 

becomes better. Specifically, the damage rate of the lining 

decreased by 45.9% from no anchoring measures to CR4-

90°, while from CR4 to CR8, it only decreased by 28.3%. 

By comparing Fig.10(a)-10(c), note that the higher the 

deterioration degree of tunnel linings, the more significant 

the CFRP-PCM method on restraining the damage rate.  

  
(a) 90° (b) 180° 

Fig. 8 Arc range of the CFRP-PCM method 

 
(a) Ground class of DI 

 
(b) Ground class of DII 

Fig. 9 Distribution of damage zone with different reinforcing schemes under the lining deterioration degree of 80% 
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Fig.10(d) shows the reduction rate of the lining damage rate 

from no reinforcement measure to the reinforced by the 

CFRP(CR8)-PCM method. Concerning the ground class of 

DI, when the lining deterioration degree is 0%, the 

reduction rate of damage rate is 18.4% for the arc range of 

90°, while 57.6% for the 180°. Regarding the ground class 

of DII, when the lining deterioration degree is 50% and 

80%, the reinforcing effect of the CFRP-PCM method 

covered an arc range of 180° can be better to control the 

lining damage rate than the 90° significantly. Analogously, 

as the comparison between Fig.10(a)-10(d), the reinforcing 

effect of the CFRP-PCM method is also significantly 

affected by the grade of the ground class. Taking the lining 

with the deterioration of 80% as an example (Fig. 10(c)), 

when the degraded lining changes from no reinforcing 

treatment to the reinforcement of the CFRP(CR8)-PCM 

method, the average reduction value of the damage rate is 

27.4% for the ground class of DII, while 18.55% for the 

ground class of DI. Therefore, the lower the grade of the 

ground class, the larger the reduction in the lining damage 

rate. 

 

4.2 Reduction rate of shear stress 
 

Fig. 11 presents the distribution of the maximum shear 

stress with a lining deterioration degree of 80%. As 

observed from Fig. 11(a) (ground class of DI), when there is 

no reinforcement, the maximum shear stress is 2.97 MPa, 

which is located at the right shoulder. When the CFRP-

PCM method was applied to reinforce the degraded linings,  

 
 

represents the maximum shear stress decreases obviously. 

Specifically, 0.67 MPa for CR4, 0.56 MPa for CR6, and 

0.52 MPa for CR8 when the arc range of the reinforcement 

is 90°; 0.61 MPa for CR4, 0.51 MPa for CR6, and 0.49MPa 

for CR8 when the reinforcing range is 180°. Note that the 

maximum shear stress is smaller when the anchoring range 

is 180° compared to the arc range of 90°. Analogously, 

when the ground class is DII, the distribution of maximum 

shear stress can be presented in Fig. 11(b). It can be 

observed that the maximum shear stress can be significantly 

reduced with the application of the CFRP-PCM method. In 

addition, the maximum shear stress of the lining without the 

reinforcement is all distributed near the cavity, and when 

the CFRP-PCM method was utilized for reinforcement with 

an arc range of 90°, the maximum shear stress is located at 

the symmetrical position of the cavity, whereas for the 

reinforcement with an arc range of 180°, the maximum 

shear stress is located at the left wall of the tunnel lining. 

In this section, the reduction rate of the maximum shear 

stress with the reinforcement of the CFRP-PCM method 

was investigated. When the lining is without a deterioration, 

the reduction rate of the maximum shear stress can be 

presented in Fig.12(a). With the increment of the grade of 

CFRP grids, the reduction rate increases significantly. Note 

that when the arc range of CFRP grids is 90° for the ground 

class of DI, the reduction rate is 52.7%, 56.8%, and 60.7% 

for CR4, CR6, and CR8, showing an approximately linear 

manner. Analogously, when the arc range of CFRP grids is 

90° for the ground class of DII, the reduction rate also 

presents an approximately linear relation as the grade of  

  
(a) 0% (b) 50% 

  
(c) 80% (d) Reduction rate of lining damage rate 

Fig. 10 Damage rate of lining with different deterioration degrees 
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CFRP grids changes from CR4 to CR8. However, when the 

arc range of CFRP grids is 180° for the ground class of DI, 

the reduction rate is 60.5%, 66.4%, and 68.6% for CR4, 

CR6, and CR8, showing a decreases trend. In addition, note 

that the reduction rate of the maximum shear stress with the 

arc range of 180° is always larger than that of 90°. Fig. 

12(b) shows curves of the reduction rate of the maximum 

shear stress with the reinforcement of the CFRP-PCM 

method when the lining deterioration degree is 50%. When 

the arc range of CFRP grids is 90° for the ground class of 

DI, the reduction rate is 60.8%, 72.5%, and 77.8% for CR4, 

CR6, and CR8, showing an approximately linear manner, 

while for the arc range of 180°, the reduction rate presents a 

decreasing trend as the grade of CFRP grids changes from 

CR4 to CR8. When the ground class is DII, the reduction 

rate increases as the grade of CFRP grids increases. The 

reduction rate of the maximum shear stress evolves with the 

grade of CFRP grids under the lining deterioration degree of 

80% can be revealed in Fig. 12(c), when the CR4 and CR6 

were applied in DI, the reduction rate of the shear stress 

with the arc range of 90° is greater than that of 180°, while 

for DII, the reduction rate of the maximum shear stress with 

the CR8 under the arc range of 180° is larger than that of 

90°. Therefore, it can be observed that the reduction rate of  

 

 

the maximum shear stress with the reinforcement of the 

CFRP-PCM method is not only affected by the ground class 

but also the lining deterioration degree. 

 

4.3 M-N interaction curve for degraded tunnel linings 
 

The M-N interaction curves have been proposed to 

investigate the limit state design method of the structure. In 

this paper, the M-N theoretical interaction curves with the 

lining deterioration of 0%, 20%, 30%, 40%, 50%, and 80% 

can be presented in Fig. 13. It should be indicated that the 

theoretical values of M-N interaction curves of tunnel 

linings with different lining deterioration degrees can be 

obtained according to the Japan Iron and Steel Federation 

Steel Fiber Reinforced Concrete Revision Committee 

(2002). The numerical inner force of the lining was 

subsequently calculated and compared with the 

corresponding M-N theoretical curves. If the coordinates of 

the axial force and bending moment are inside the 

interaction curve, the lining is in a safe state. 
Fig. 13(a)-13(e) present the comparison between the 

numerical inner force values and the theoretical values at 
the shoulder and crown when the lining deterioration is 0%, 
20%, 30%, 40%, and 50%, respectively. It is observed that 
the coordinate of the (M, N) is all situated at the inner side  

 
(a) Ground class of DI 

 
(b) Ground class of DII 

Fig. 11 Distribution of maximum shear stress with a lining deterioration degree of 80% 

Without reinforcement CR4-90° CR6-90° CR8-90°

CR4-180° CR6-180° CR8-180°

2.97MPa 0.67MPa 0.56MPa 0.52MPa

0.61MPa 0.51MPa 0.49MPa

Without reinforcement CR4-90° CR6-90° CR8-90°

CR4-180° CR6-180° CR8-180°

3.12MPa 1.01MPa 0.81MPa 0.67MPa

0.80MPa 0.78MPa 0.62MPa
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of the corresponding M-N interaction curves, revealing that 
the lining is in a safe state. However, when the lining 
deterioration is 80% (Fig.13(f)), the below four reinforcing 
designs of “CR6-2D-120°-Crown”, “CR8-2D-120°- 
 

  

 

 
 
Crown”, “CR4-2D-180°-Shoulder”, and “CR6-2D-90°-
Shoulder” are distributed outside of the corresponding M-N 
interaction curves for the ground class of DI. Whereas for 
the ground class of DII, the below six reinforcing designs of  
 

 

  
(a) 0% (b) 50% 

 
(c) 80% 

Fig. 12 Reduction rate of the maximum shear stress with different lining deterioration degrees 

  
(a) 0% (b) 20% 
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Fig. 13 M-N theoretical and numerical values with different lining deterioration degrees 
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“CR4-2D-120°-Crown”, “CR6-2D-120°-Crown”, “CR8-
2D-120°-Crown”, “CR4-2D-90°-Shoulder”, “CR4-2D-
180°-Shoulder”, “CR6-2D-90°-Shoulder” are distributed 
outside of the corresponding M-N interaction curves. 
Therefore, the above ten reinforcing designs should be 
avoided in the corresponding reinforcing engineering with 
the CFRP-PCM method. 
 

 

5. Conclusions 
 

This research investigated the CFRP-PCM method to 

reinforce the degraded tunnel linings. At first, the most 

unfavorable position for the cavity behind the lining was 

determined. Subsequently, the reinforcing effect of the 

CFRP-PCM method was quantitatively evaluated. Finally, 

the M-N interaction curves were applied to determine 

whether the reinforcing design is effective. The main 

conclusions can be drawn as follows: 

•  The damage behavior of tunnel linings under the 

loosening pressure is closely related to not only the ground 

class but also the location of the cavity. The lower the grade 

of ground class, the larger the damage zone; When the 

cavity is located at the shoulder, the damage rate and 

maximum shear stress of the lining are larger than those at 

other positions, which is determined as the most 

unfavorable position. 

•  The failure mechanism of the lining under the 

loosening pressure is significantly affected by the location 

of the cavity. When the cavity is at the crown and the 

location between the crown and the shoulder, the failure 

modes are dominated by the bending compression effect. 

However, when the cavity is at the shoulder, the mixed 

tensile-shear effect dominates the failure of the lining. 

•  The reinforcing effect of the CFRP-PCM method is 

affected by the arch range of the CFRP grids, the grade of 

CFRP grids, the degree of ground class, and the 

deterioration rate of the lining. Specifically, the larger the 

arc range of the CFRP grids, the smaller the lining damage 

rate. In general, the higher the grade of the CFRP grids, the 

larger the reduction rate of shear stress; the higher the 

deterioration degree of lining and the lower the degree of 

ground class, the better the reinforcing effect under the 

same CFRP grids. However, as the grade of the CFRP grid  

 

 

increases, the optimization effect is no longer obvious. 

•  The M-N interaction curves can be well applied to 

estimate the reinforcing behavior of the CFRP-PCM 

method. Note that when the lining deterioration is 80%, the 

M-N values of the ten reinforcing designs of the CFRP-

PCM method are distributed outside the corresponding M-N 

theoretical interaction curves, which indicated that although 

the tunnel lining can be reinforced to a certain extent with 

the CFRP-PCM method, some reinforcement schemes still 

cannot meet the safety requirements (four cases for the 

ground class of DI and six cases for ground class of DII in 

this research), and these reinforcing schemes should be 

avoided in the corresponding engineering. 
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